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INTRODUCTION 

these have on possible coal s t ruc tures  a re  of increasing in t e re s t  as indus t r ia l  
processes are developed for coal u t i l i za t ion  ( l iqu i fac t ion  and gas i f ica t ion) .  
Developing accurate s t ruc tura l  models and appropriate re la t ions  t o  predict  the  
swelling and thetmal behavior of  coals would grea t ly  a id  plant design by enabling 
engineers to  estimate reaction k ine t ics  and mechanisms f o r  reactions.  

explaining i t s  swelling and thermal behavior. 
tha t  i l l u s t r a t ed  i n  Figure 1 has been proposed by Lucht and Peppas [ l ] .  
of model i s  i n  agreement with current experimental findings and i s  applied i n  the  
analysis of experimental resu l t s .  

The study of the  swelling and thermal behavior of coals and the implications 

I t  i s  useful to  consider coal as  a crosslinked macromolecular network when 
A crosslinked s t ruc ture  such as 

This type 

Figure 1 .  
possible defects. -. . Chains par t ic ipa t ing  in network s t ruc ture ;  ---: 
ext iac tab le  (unreacted o r  degcaded) chains; 0 : cross l inks  ( junc t ions) ;  
molecules of swelling agent; M : molecular weight between crosslinks;  A: t e t r a -  
functional cross1 ink; B :  mulfifunctional c ross l ink ;  C:  unreacted func t iona l i t i es ;  
0: chain end; E :  entanglement; F: chain loop; G :  e f f ec t ive  network chain; 
H: mesh s ize .  

Chemical and Physical Structure of Coal 

linked macromolecular network models and theor ies  has become increasingly common i n  
the  recent past ,  although such models have existed f o r  over twenty years [2]. If  
mineral matter, ash and other impurit ies na tura l ly  occuring in coal a re  excluded, 

Simplified representation of the crosslinked s t ruc ture  of coal including 

Interpreting the  physical s t ruc ture  of macromolecular chains in coal with cross- 

~~ 
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coal s t ruc tu res  can be described by two d i s t i n c t  phases. 
of small and large molecules which are uncrosslinked and occupy a substantial  
portion of the whole coal sample. 
uncross1 inked molecules formed during diagenesis [3], o r  somewhat degraded chains 
formed by depolymerization reactions during the  metamorphic stage of coal develop- 
ment. 
macromolecular phase forming a crossl inked three-dimensional network (coal matrix) 
[ l] .  
molecular chains and possible chain defects.  

(unless the  solvent ac t s  by combined diffusion and reac t ion ,  a s  i n  depolymerization), 
and i s  characterized by b o t h  physical and chemical c ross l inks .  
are found in highly entangled macromolecular chains t h a t ,  because of inherent 
r i g id i ty ,  have r e s t r i c t ed  mobility. 
Chemical crosslinks a r e  formed by chemical reactions between two o r  more coal chains, 
which lead t o  multifunctional c ross l inks .  

Coal researchers have considered models o f  various “reconstructed” chemical 
s t ruc tures  of coal as  a means t o  support t he i r  theor ies  [3]. B u t  model networks 
such as  those proposed by Wiser and Given a r e  only ind ica t ive  o f  the type  of chemical 
crossl inks one would expect in coal 
coal o r  the  s i ze  of macromolecular chains between cross l inks .  Chain ends, unreacted 

- iuncti-onali t ies,  chain loops and multifunctional crosslinks a re  types of defects 
which make an accurate analysis o f  the  coal network unlikely.  

The nature of the c ross l inks  i n  coal is a point of s c i e n t i f i c  dispute.  
of the work on identifying coal c ross l inks  r e l i e s  on ana lys i s  of the products of 
depolymerization and degradation reactions.  
strong intermolecular in te rac t ions  occur, analyzing the  r e su l t s  i s  d i f f i c u l t ,  
often leading only t o  speculations about chemical s t ruc ture  [3,4]. 

based on mass-analyzed ion k ine t ic  energy spectrometry. Other techniques have been 
used including elemental analysis and ident i f ica t ion  o f  decomposition and extraction 
products from coal ,  IR spectroscopy, h i g h  resolution NMR, and GC/mass spectroscopy. 
These r e s u l t s  have given us a c l ea re r  understanding of the  types of chemical bonds 
involved in crosslinking. 

Viscoelastic Properties of Coal 

One aspect of the  macromolecular coal s t ruc tu re  which has been given very l i t t l e  
a t ten t ion  upto now i s  i t s  v i scoe las t ic  behavior. I t  i s  in general known t h a t  coal 
a t  h i g h  temperatures, c lose  t o  the  l iquefaction temperature of 300-350°C, softens 
and behaves as  a highly viscous mater ia l .  I t s  v iscos i ty  becomes dependent on the  
conditions of application of s t r e s s  o r  s t r a i n .  For example, Nazem [5] studied the 
non-Newtonian behavior of carbonaceous niesophase pitch a t  high temperatures u s i n g  
a Haake viscometer and established t h e  non-Newtonian behavior in terms of the  
viscosity a s  a function of the  shear r a t e .  Briggs [SI investigated the v iscos i ty  
of coal t a r  pitch a s  a function of temperature. Covey and Stanmore [7] attempted 
to  present a cons t i tu t ive  equation f o r  the rheological behavior o f  Victorian brown 
coals of Australia. 

i s  through thermal analysis a t  high temperatures. The ear ly  work of Bangham and 
Franklin 181 established cha rac t e r i s t i c s  of the  change and expansion of t he  coal 
s t ruc ture  a t  high temperatures. More recently Sanada and Honda [SI used creep 
deformation experiments of various Japanese coals t o  e s t ab l i sh  t h e i r  mechanical 
behavior a t  high temperatures. 
and probably the only investigators upto now t o  inves t iga te  the  use of therm- 
mechanical ana lys i s  a s  a method o f  charac te r iza t ion  of coal s. 

ana lys i s  Of some American bituminous coals.  

The f i r s t  phase consists 

These macromolecular cliains can be in t ac t  

The primary phase o f  t h e  coal s t ruc tu re  cons is t s  o f  a highly crosslinked 

This i s  the s t ruc ture  shown i n  Figure 1 ,  which depicts several forms of macro- 

The crossl inked s t ruc tu re  cannot be extracted or dissolved a t  low temperatures 

Physical crosslinks 

In t h i s  case, disentanglement i s  not l ike ly .  

and are  n o t  proof of the  physical s t ruc ture  of 

_- 

Most 

Because the system i s  complex and 

A promising analytical  technique fo r  degradation products (coal l iqu ids)  i s  

’ 

An a l t e rna t ive  approach of investigation of the v iscoe las t ic  behavior o f  coals 

F ina l ly ,  Rovenskii and Melnik [lo] were the  f i r s t  

Here we present new and important information on the r e su l t s  of thermomechanical 
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EXPERIMENTAL PART 

Prev ious l y  s to red  i n  n i t r o g e n ,  f l a t  coa l  samples o f  t h e  f o l l o w i n g  c o a l s  were 
used i n  t h e  present  s t u d i e s :  PSOC-418 (69.95% C, dnunf b a s i s ) ,  PSOC-791 (72.75% C ) ,  
PSOC-312 (78.33% C), PSOC-853 (80.15% C), PSOC-402 (82.48% C) and PSOC-989 (88.81% C); 
a l l  ob ta ined  from the  coa l  bank o f  t h e  Pennsylvania S t a t e  U n i v e r s i t y .  A l l  samples 
had an i n i t i a l  surface area of app rox ima te l y  2.5 mm2. 
mechanical analyzer  (model TMS-2, Pe rk in  Elmer, Norwalk, Conn.) u s i n g  t h e  p e n e t r a t i o n  
mode o f  t h e  device, under cont inuous pu rg ing  o f  n i t r o g e n  and s t a r t i n g  from an 
i n i t i a l  temp r a t u r e  o f  35°C. The t i p  of t h e  probe was round w i t h  a su r face  area 
o f  0.6207 nun . 
and 40 g corresponding t o  s t resses  o f  0.158, 0.316, 0.474 and 0.632 MPa, respectively. 
Unless otherwise noted, a l l  s t u d i e s  were performed a t  a scanning speed of 10"C/min 
and upto 350°C. The deformat ion was determined as a f u n c t i o n  o f  t ime  and t ransform 
t o  s t r a i n  by d i v i d i n g  by t h e  o r i g i n a l  t h i ckness  o f  t h e  f l a t  samples. 

RESULTS AND DISCUSSION 

t es ted ,  a PSOC-791 sample w i t h  72.75% C on a dmnf bas i s  and a PSOC-312 sample w i t h  
78.33% C. I t  must be remembered t h a t ,  s i n c e  t h e  scanning speed i s  10"C/min, t h e  
same p l o t s  represent  t h e  deformat ion,  as des ignated by t h e  s t r a i n ,  as a f u n c t i o n  o f  
temperature. 

A l l  curves show an e a r l y  i n d u c t i o n  p e r i o d  which l a s t s  f o r  app rox ima te l y  5-10 
minutes o r  50-100 " C  and i s  c h d r a c t e r i s t i c  o f  t h e  ve ry  slow compressive creep o f  
h i g h l y  g lassy  polymer ic  m a t e r i a l s .  
va lues o f  Tg i n  t h e  range o f  300-350°C, much h ighe r  than  t h e  temperatures a t  t h e  
beginning o f  these experiments. 
t h e  experiment, corresponding t o  temperatures o f  215°C t o  285OC, a p la teau  i s  
observed i n  t h e  s t r a i n  versus t ime  behavior. Fu r the r  temperature i nc rease  1 eads 
t o  considerable i nc rease  o f  t h e  s t r a i n  probably  due, e i t h e r  t o  y i e l d i n g  o f  t h e  
macromolecular coa l  s t r u c t u r e  a t  temperatures where enough m o b i l i t y  o f  t h e  macro- 
mo lecu la r  chains has been a t t a i n e d ,  o r  t o  thermal degradat ion a t  these temperatures. 
However, t he  second exp lana t ion  i s  p robab ly  n o t  v a l i d  s ince  thermograv imetr ic  

They were t e s t e d  i n  a thermo- 

E A l l  samples were t e s t e d  under t h e  a p p l i c a t i o n  o f  loads of 10, 20, 30 

F igures 2 and 3 present  t h e  s t r a i n  versus t ime  curves f o r  two o f  t h e  samples 

Indeed f o r  these c o a l s  we have determined [ll] 

A f t e r  about 18 t o  25 minutes f rom t h e  beg inn ing  o f  
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Figure 2: 
PSOC-791 (72.75% C, dmmf bas i s ) .  
(O), 0.316 (0 ) ,  0.47 ( A )  and 0.632 (0) MPa. 

Compressive s t r a i n  as a f u n c t i o n  of t ime  f o r  f l a t  coa l  samples o f  
The r e s u l t s  a r e  f o r  a p p l i e d  s t resses  o f  0.158 
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F igure 3 :  
312 (78.33% C). 
MPa. 

a n a l y s i s  exper iments under t h e  same scanning speed u s i n g  a thermograv imet r ic  analyzer 
(TGS-2, Perk in  Elmer, Norwalk, Conn.) showed l i t t l e  measurable we igh t  change o f  t he  

Indeed, 
as the  s t r e s s  increases, t h e  s t r a i n  i s  h i g h e r  and t h e  p o i n t  o f  d e v i a t i o n  f rom the  

t y p i c a l  o f  s i m i l a r  behav io r  i n  polymer networks.  
F i n a l l y ,  comparison o f  t h e  d a t a  o f  F igures  2 and 3 a t  t h e  same s t ress  shows 

t h a t  f o r  t he  coa l  samples w i t h  t h e  lower  carbon conten t ,  a t  t h e  same scanning t ime 
t h e  s t r a i n  i s  much h i g h e r  than t h a t  o f  t h e  samples w i t h  h i g h e r  carbon conten t .  This 
i S  a c l e a r  i n d i c a t i o n  t h a t  PSOC-791 i s  l e s s  c r o s s l i n k e d  than PSOC-312,-a n o t i o n  
which i s  c l e a r l y  supported by o u r  r e c e n t  d a t a  on t h e  d e t e r m i n a t i o n  o f  M o f  these 
and o t h e r  coa ls  [12]. Samples PSOC-402 ( w i t h  82.48% C) and PSOC-989 ( w h h  88.81% C) 
were t e s t e d  n o t  o n l y  a t  these s t r e s s e s  b u t  a l s o  a t  0.790 and 0.948 MPa. I n  no 
cases was any de format ion  observed, an o b s e r v a t i o n  c h a r a c t e r i s t i c  o f  v e r y  h i g h l y  
c r o s s l i n k e d  s t r u c t u r e s .  

when a p p l i e d  t o  creep data,  suggests t h a t  t h e  creep compliance i s  l o g a r i t h m i c a l l y  
dependent on t i m e  accord ing  t o  equat ion  ( 1 ) .  

Compressive strai ! !  as a f u n c t i o n  o f  t ime  f o r  f l a t  coal  samples o f  PSOC- 
The r e s u l t s  a r e  f o r  a p p l i e d  s t resses  o f  0.474 (0) and 0.632 ( 0 )  

coal  samples up t o  250°C. 

o r i g i n a l  p l a t e a u  i s  a t  lower  temperatures ( o r  t i m e s ) ,  which i s  c h a r a c t e r i s t i c  and 

f 
F igure  2 shows a l s o  t h e  general  dependence o f  t h e  s t r a i n  on s t ress .  

I 

I 

F u r t h e r  a n a l y s i s  of these d a t a  was achieved by u s i n g  t h e  N u t t i n g  theory ,  which 

J = g t n  

Here J i s  the  coa l  s t r u c t u r e  compliance, which i s  c a l c u l a t e d  f rom t h e  prev ious  graphs 
by d i v i d i n g  t h e  s t r a i n  by  t h e  a p p l i e d  s t ress ,  t i s  t h e  c reep t i m e  and g and n are  
two constants c h a r a c t e r i s t i c  o f  t h e  coa l  s t ruc tu re .  

e a r l i e r .  Al though one would expec t  a l i n e a r  r e l a t i o n s h i p  between these two para- 
meters t h e r e  a r e  some i m p o r t a n t  d e v i a t i o n s .  For example, t h e  i n i t i a l  p o r t i o n  o f  
t h e  graph, c h a r a c t e r i s t i c  o f  t h e  s l o w l y  changing i n d u c t i o n  p e r i o d  c o u l d  n o t  be 
represented by t h e  N u t t i n g  equat ion ,  because o f  t h e  h i g h l y  " f r o z e n "  s t r u c t u r e  o f  
t h e  macromolecular network o f  coa l .  The reg ion  between I n  t o f  2 and 3.2 can be 
reasonably represented by s t r a i g h t  l i n e s ,  which i n  accordance w i t h  N u t t i n g ' s  
equat ion,  a re  p a r a l l e l  f o r  d i f f e r e n t  s t resses .  f 

t h e  i n s i g n i f i c a n t  e f f e c t  o f  t h e  scanning speed r a t e  on t h e  s t r a i n - t i m e  behavior.  
The Same f i g u r e  shows t h a t  a cont inuous  inc rease o f  t h e  s t r a i n  i s  observed even 

F igure  4 shows a p l o t  o f  I n  J versus I n  t f o r  t h e  samples o f  PSOC-791 p l o t t e d  

I ,  

A n . i n t e r e s t i n g  aspec t  o f  these s t u d i e s  i s  a l s o  shown i n  F i g u r e  5 which presents 
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~ F igure  5: E f f e c t  o f  scanning speed on t h e  s t r a i n - t i m e  curve. Resu l ts  f o r  coal  

: CONCLUSIONS 

PSOC-418 (69.95% C)  w i t h  2.5 (O), 5(0 ) ,  10 ( A )  and 20 ( 0 )  "C/min. 

I These r e s u l t s  f u r t h e r  suppor t  t he  idea o f  a h i g h l y  c ross1 inked, macromolecular 
coa l  network [l], and a r e  i n d i c a t i v e  o f  t h e  d i f f i c u l t y  by which t h e  thermal degra- 
d a t i o n  occurs.  

I 
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